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 Shallow aquifers located near streams can be affected by groundwater contamination as a 
result of recharge from surface water; however, stream stage variation, subsurface geology, and 
seasonal changes can alter the magnitude of groundwater-surface water interactions. Knowledge 
of the influence these factors have on surface water connections with groundwater will help 
determine possible recharge and contaminant flow paths affecting future water supply wells 
installed in similar alluvial environments. This research capitalized on previously collected 
physical data, including geology, water-level measurements, and hydraulic conductivity, as well 
as new physical, geochemical, and isotopic data to assess the effects of hydrogeological and 
seasonal conditions on groundwater-surface water interactions at two geologically distinct field 
sites.  
 Groundwater level measurements and surface and groundwater samples were collected at 
both field sites during the growing and non-growing seasons to assess changes in groundwater-
surface water interactions. Water samples were collected from wells in sands and gravels of the 
alluvial aquifer and the deeper High Plains aquifer that are separated by a clay aquitard in a river 
valley at the Larned Research Site (LRS) in central Kansas. Water was sampled from a small 
stream and wells at different depths in alluvium overlying a shallow limestone bedrock aquifer at 





O isotope compositions were determined for all samples to indicate the influence of 
changing stream stage and geology on groundwater-surface water interactions. 
 Water from the aquitard wells at the LRS had considerably lower dissolved solid 
concentrations compared to the shallow and deep aquifer wells. The isotopic compositions 





aquitard samples. The isotopic compositions of the precipitation and groundwater indicate that 
surface water recharge to the aquifers is likely to occur primarily in the spring and summer. The 
disparity between the aquifers and aquitard samples implied older, fresher water contained in a 
leaky aquitard system. The low hydraulic conductivity of the aquitard acts as a geologic barrier, 
although heterogeneities of the leaky aquitard apparently connect the two aquifers. The good 
hydrologic connection between the alluvial aquifers and the river bed acts as a contamination 
pathway for groundwater under the direct influence of surface water, whereas the aquitard 
protects the High Plains aquifer from rapid contamination by surface water. 
 At the RCS, selected dissolved constituent concentrations in groundwater near the water 
table varied seasonally in two water table wells with evidence of lateral flow to and from the 
stream. In contrast, groundwater in the alluvium base wells, located at the base of the silty-clay 
alluvium and top of the weathered limestone, and in a bedrock well generally exhibited similar 
geochemical and isotopic values. The geochemical and isotopic differences between the stream 
and two water-table well samples and the remaining water-table, alluvium base, and bedrock 
well samples suggest different groundwater storage times at the RCS. The geochemical and 
isotopic values for groundwater from the two water-table wells best connected to the stream 
varied with changing stream stage and season, indicating short-term storage compared to the 
consistency of the deeper groundwater, which represented longer-term storage. Surface water 
recharge pathways at the RCS, which could function as recharge or contamination pathways, 
vary substantially as a result of the heterogeneous subsurface geology, but only appear to 
substantially affect selected portions of groundwater near the water table. The shallow bedrock 
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Chapter 1: Introduction 
 
 Alluvial aquifers are utilized to support a large number of water supply wells based on 
high productivity, accessibility, and the well development process (Choi et al., 2009; Ray et al., 
2002; Teles et al., 2004). The integrity of some shallow aquifers located near streams has been 
compromised by contamination resulting from surface water recharge, including the pathogen 
contamination of groundwater under the direct influence of surface water recharge in Walkerton, 
Canada (Alley et al., 1999; McCarthy et al., 1992; O’Connor, 2002; Schubert, 2002; Sheets et 
al., 2002; USEPA, 1998; Winter et al., 1998). As the general importance of groundwater 
resources increases, knowledge of the factors affecting surface water recharge to groundwater, 
such as stream stage, subsurface geology, and seasonality, will help predict the potential of 
surface water as a significant source of aquifer recharge and possible contamination pathways 
(McCarthy et al., 1992; Schubert, 2002; Winter et al., 1998).  
 Surface water movement into an aquifer varies based on changes in stream stage (Alley et 
al., 2002; Schubert, 2002). Stream stage increases with precipitation events and snowmelt and 
allows surface water to recharge the water table through the floodplain and stream bank 
infiltration (Ray et al., 2002; Winter et al., 1998). Deeper aquifer recharge is dependent on large 
and extended rainfall events where precipitation can percolate in both uplands and valleys into 
groundwater aquifers before evapotranspiration can occur (Vries and Simmers, 2002). As stream 
stage recedes, seepage from the elevated water table adjacent to the stream will recharge the 
stream (Winter et al., 1998). Depending on the flow paths and hydraulic conductivities of the 
alluvium, groundwater recharged by surface water can remain in an aquifer anywhere between a 





 Subsurface heterogeneities alter groundwater-surface water interactions by modifying 
hydrologic flow paths, which can be geochemically monitored. During alluvial aquifer 
formation, adjustments in channel structures, maturing river stages, and changes in deposition 
can occur (Teles et al., 2004). The result is a complex, heterogeneous subsurface geometry where 
connections between groundwater and surface water can be traced by integrating geochemical 
and isotopic analyses of water samples (e.g. Aji et al., 2008; Gleeson et al., 2005; Ladouche et 
al., 2001). Geochemical interpretations of surface and groundwater interactions can be limited by 
an incomplete understanding of biogeochemical reactions and dilution effects in the studied area 
(McCarthy et al., 1992). Stable isotope compositions provide an additional method of observing 
these connections based on distinguishable surface water, groundwater, and precipitation isotopic 
signatures (Gibson et al., 2005; Krabbenhoft et al., 1990). The combined geochemical and 
isotopic trends in groundwater and surface water can reveal geologic subsurface heterogeneities 
between the two water sources.  
 Seasonal variations observed in surface and groundwater geochemistry can be used to 
identify changes in surface water and groundwater interactions. In particular, deuterium and 
oxygen-18 isotopic compositions of precipitation vary between seasons, with winter precipitation 
being more depleted in heavy isotopes compared to summer precipitation (e.g. Darling et al., 
2003; Gibson et al., 2005; Kendall and Coplen, 2001). Shallow groundwater isotope 
compositions generally fluctuate around the mean annual isotopic compositions of precipitation; 
deviations from the mean are due to seasonal infiltration changes. The magnitude of these 
variations decreases with depth based on the critical zone theory (Clark and Fritz, 1997). 
Groundwater distribution and mean residence time, movement of precipitation through the 





isotope compositions (Darling et al., 2003; Gibson et al., 2005; Huddart et al., 1999; Kendall and 
Coplen, 2001; McGuire et al., 2002; Reddy et al., 2006).  
 This research capitalizes on existing infrastructure at two established field sites with 
differing stream stage and lithology to assess disparities in groundwater-surface water 
interactions. At each research site, connections between surface water and groundwater should 
vary relative to stream stage, subsurface geology, and seasonal changes. Newly collected surface 
and groundwater geochemical and isotopic data, combined with newly and previously collected 
physical data, will help show how geological and seasonal conditions affect groundwater-surface 
water interactions. These data indicate the influence, or lack thereof, of surface water on 
groundwater, and aid in identifying recharge pathways and aquifer vulnerability to 
contamination. 
Chapter 2: Materials and Methods 
Site Descriptions 
 
 Two research sites established by the Kansas Geological Survey, the Larned Research 
Site (LRS) and the Rock Creek Site (RCS), were chosen based on differing subsurface geologic 
environments and hydrologic pathways, the presence of existing infrastructure, and somewhat 






Figure 1. Location of the two sample sites in Kansas: the Larned Research Site (LRS) and the 
Rock Creek Site (RCS) (modified from Kansas Geological Survey, 1996). 
 
 
 The LRS is located in Pawnee County, Kansas next to the Arkansas River (Figure 1). The 
Arkansas River was not flowing during the study period of November 2012 through October 
2013; a drought affected the area for a couple years prior to sampling. The dry river bed is 
composed of loose, coarse sand and gravel (Appendix I). Previous river flow in the Arkansas 
River was dependent on flooding from two water sources: the high salinity water from Colorado 
and fresher high flows from the Pawnee River (Whittemore et al., 2005). The mean annual 
precipitation is about 610 mm/yr at the study site. The riparian zone surrounding the river bed is 
mainly vegetated by cottonwoods, mulberries, and willows (Butler et al., 2007). The effects of 
riparian vegetation on water levels in wells in the shallow alluvial aquifer and the deeper High 
Plain aquifer at the LRS have been monitored for over a decade (e.g., Butler et al., 2007). The 





quantity and type of riparian cover and hydraulic properties of the subsurface stratigraphy. 
Higher densities of riparian vegetation correspond to increased evapotranspiration and variations 
of well water levels. The evapotranspiration of the riparian vegetation results in diurnal 
variations in groundwater levels; the magnitude of the variation is dependent on climatic 
conditions, including global irradiance and air temperature; higher irradiance and temperature 
correspond to a greater magnitude of water-level diurnal cycles.  
 Butler et al. (2004) utilized direct-push methods to characterize the stratigraphy of the 
sediments at the LRS. The subsurface includes a shallow alluvial aquifer and a deep aquifer, the 
High Plains aquifer (HPA), separated by a low permeability aquitard (Figure 2). The shallow 
phreatic alluvial aquifer, approximate thickness of 9.1 m, is composed of coarse sand and gravel, 
to silt and clay (Butler et al., 2004; Whittemore et al., 2012). The aquifer also contains 
irregularly distributed clay lenses concentrated in the lower portion of the aquifer (Butler et al., 
2004). Several observation wells are screened at different depths in the alluvial aquifer and 
located at varying distances from the river channel (Figure 5, Table 1). A pumping test 
performed by Butler et al. (2004) on a well screened in the shallow aquifer indicated an 
approximate transmissivity of 353 m
2
/d, specific yield of 0.31, and that the water-table aquifer is 
in hydraulic connection with the periodically flowing Arkansas River. During the pumping test, 
the geochemical concentrations varied in the water pumped from the phreatic alluvial aquifer 
well. The specific conductivity measurements generally remained constant throughout the test at 
roughly 1,330 μS/cm. After an initial decrease of 0.15 mg/L, the nitrate concentrations increased 
for the remainder of the test from 3.37 to 4.79 mg/L. The sulfate concentrations exhibited 






 The confining aquitard, located at a depth of roughly 9.1 to 14.6 m, is present across the 
entire study area. The aquitard layer fluctuates in thickness, ranging from approximately 3.1 to 
6.6 m, with no evident spatial pattern for variations in thickness (Butler et al., 2004). The 
hydraulic conductivity of the confining unit has been estimated to be 1.6 x 10
-3
 m/d (Butler et al., 
2011). Two observation wells were installed in the aquitard for water-level measurements and 
sample collection (Table 1).  
 The HPA, characterized by Quaternary sands with some clay lenses in the upper portion 
of the aquifer, ranges in thickness from roughly 3.0 to 6.8 m and thins towards the eastern edge 
of the research site (Butler et al., 2004; Whittemore et al., 2012). Groundwater withdrawal for 
irrigation from the HPA, in the proximity of the LRS, occurs during the growing season between 
March and October (Butler et al., 2011). In general, groundwater levels approach recovery after 
the irrigation season by December (Butler et al., 2011). An additional pumping test determined 





respectively (Butler et al., 2004).  
 During the HPA pumping test, Butler et al. (2004) collected and analyzed groundwater 
samples from nearby observation wells for specific conductivity, pH, total dissolved solids, and 
major and minor dissolved constituent concentrations. The geochemical data indicated a 
downward vertical flux of water from the shallow aquifer along the gravel pack of the pumping 
well through the aquitard. The length of the gravel pack surrounding the pumping well screen 
extended from the shallow alluvial aquifer to the HPA, short-circuiting the aquifer. Water 







Figure 2. Stratigraphy of the LRS, represented by an electrical conductivity profile (modified 




 The RCS is on a fifth order stream located roughly 110 km to the east of the LRS in 
Butler County, Kansas (Figure 1). The mean annual precipitation at the site is approximately 850 
mm/yr; however, the RCS has been affected by a dry period during the past couple of years. The 
32 km
2
 watershed encompasses 60% pasture, 35% cropland, and 5% woodland (Machavaram et 
al., 2006). The riparian zone surrounding the river bed usually extends less than 60 m from the 
stream and contains a variety of vegetation, including oaks, hawthorn, cottonwood, elm, willow, 
sycamore, and other trees and bushes (Whittemore et al., 2012). Rock Creek was flowing 





 Previous research in the Rock Creek watershed was conducted by Machavaram et al. 
(2006) to determine the components of stream flow during precipitation events. Deuterium and 
oxygen-18 isotope measurements and chloride and sulfate concentrations were determined in 
precipitation, stream, pond, groundwater, and soil moisture samples collected pre- and post- two 
precipitation events in May 2002. The watershed study indicated the contribution of various 
water sources, including precipitation, runoff, pond water, and bank storage, to the stream flow 
at different locations along Rock Creek throughout the precipitation events. The utilization of 
isotope data, particularly deuterium excess (d-excess), indicated complex stream flow dynamics. 
For example, after the first storm event, the upstream stream flow was primarily composed of 
shallow groundwater and pond outflow. In contrast, the downstream stream flow components 
included shallow groundwater flow and surface runoff. 
 The RCS stream valley includes differing sediment and bedrock layers on each side of 
the channel (Figure 3). The steep south bank of the river channel is composed of the Permian 
Holmesville Shale Member of the Doyle Shale with intermittent limestone (University of 
Colorado and Kansas Geological Survey, 2013). The north bank of the river channel is 
characterized by several different strata. The overlying soil, ranging in thickness from 1.0 to 2.0 
m, is composed of a silty clay loam (Machavaram et al., 2006; University of Colorado and 
Kansas Geological Survey, 2013). A fine-grained silty clay alluvium subsoil extends from the 
base of the overlying surface soil downwards to roughly 3.3 m in depth (Figure 3) (Machavaram 
et al., 2006; Whittemore et al., 2012). Some limestone gravel zones are embedded in the lower 
part of this layer. The water-table and several observation well screens are located in the lower 
part of this layer (Figure 3, Table 2). Beneath the subsoil lies a silty-clay layer embedded with 





wells are screened at the base of this clay layer and the top several centimeters of the weathered 
top of the underlying limestone; these wells are termed the alluvium base wells (Table 2). 
Permian dolomite and limestone bedrock begins roughly 6.0 m below the land surface (varies 
between 5.5 and 7.6 m below the land surface across the study area) and includes cavities 
developed by the dissolution of gypsum-filled fractures, thin beds of gypsum, and carbonate rock 
(Machavaram et al., 2006; University of Colorado and Kansas Geological Survey, 2013). The 
alluvium base wells derive most of their water during sampling from the top of the weathered 
bedrock that was penetrated during the installation of the wells using direct-push technology 
(Geoprobe). A single bedrock well was drilled to a depth of 11.2 m and encountered a few void 
spaces probably partially filled with sediment (Table 2).  
 Several direct-push electrical conductivity logs of unconsolidated sediment have been 
completed at the RCS (Figure 4) (University of Colorado and Kansas Geological Survey, 2013). 
The upper portion of the logs generally exhibited low electrical conductivity values with sharp 
increases at a depth of roughly 2.1 to 3.0 m. The higher electrical conductivity values represent 
the silty-clay layer. The lower portion of the electrical conductivity logs decreased with depth 
near the weathered bedrock; the decreasing electrical conductivity may be related to an 
increasing amount of limestone gravel in the silty-clay. The top of the bedrock is correlated to a 
zone of low electrical conductivity and high permeability (University of Colorado and Kansas 
Geological Survey, 2013). 
 The geochemistry of the surface water and groundwater is governed by groundwater-rock 
interactions, evapotranspiration, and brine disposal from an oil field (Machavaram et al., 2006). 
Groundwater-rock interactions include the dissolution of carbonate minerals and cation exchange 





concentrations in the groundwater (Machavaram et al., 2006). Evapotranspiration, controlled by 
the riparian vegetation density and climatic conditions, can cause variations in the groundwater 
levels; an increase in water-level dilutes dissolved ion concentrations, while a decrease in water-
level concentrates the ions. A small oil field was commissioned from the 1940s to 1950s near the 
lower portion of the Rock Creek watershed (Machavaram et al., 2006). An increase in 




Figure 3. Generalized stratigraphy of the RCS (not to scale) (modified from University of 









Figure 4. Direct-push electrical conductivity logs of sediment at the RCS. The location of the 
well logs, WW_EC4-7, correspond to the approximate location of water-table wells D-A, 
respectively. The filled blue triangles indicate the water level, and the open triangle represents 
the last water-level measurement before the direct-push hole was sealed (from University of 




 Groundwater observation wells were previously installed by the Kansas Geological 
Survey within the riparian zones surrounding the LRS and RCS using direct-push technology 
(Geoprobe) as well as hand auger, mud rotary, and sonic well-drilling equipment (Figures 5-6). 
A time series of surface and groundwater samples were collected from these wells to distinguish 
variations in groundwater flow pathways. Continuous water-level measurements were recorded 






  LRS groundwater samples were collected from the shallow and deep aquifers and clay 
aquitard (Figure 5, Table 1, Appendix I). Sampling occurred June 7 and July 11, 2013 to observe 
conditions during the growing season, while November 19, 2012 and October 15, 2013 samples 
observed the non-growing season. Surface water samples could not be collected during the 
sampling periods due to the lack of flow in the Arkansas River (Appendix I). Additionally, 
aquitard water samples were not collected during the growing season due to the slow recovery of 
the aquitard wells.  
 Surface and groundwater samples at the RCS were collected on June 13 and September 2, 
2013 to observe trends in the growing season, while April 16 and November 7, 2013 samples 
characterize the non-growing season (Figure 6, Table 2, Appendix I). Stage height data from 
Rock Creek was collected via pressure transducers upstream and downstream of the groundwater 
sampling location as well as by an observation well in the streambed.  
 Daily precipitation accumulation data for the LRS was available from a nearby weather 
station in Radium, Kansas (Kansas State University, 2014), whereas precipitation data for RCS 
was collected on location. Previous isotope data for precipitation collected in May 2002, by 
Marchavarm et al. (2006), was utilized at the RCS. Relative annual and monthly average 
precipitation isotope compositions at both sites were determined by the Online Isotopes 







Figure 5. Groundwater well locations at the LRS (modified from Google Earth, “Larned,” 2014). 
 
 
Figure 6. Groundwater well locations at the RCS (from Whittemore et al., 2012). 
 





Table 1. The LRS well characteristics. 
Well ID 
Screen Interval Below 
Land Surface (m) 
Average Screen Depth 
Below Land Surface (m) 
Screen 
Location 
LWPH6 0.65-2.86 1.75 Shallow Aquifer 
LWPH3 0.76-2.96 1.86 Shallow Aquifer 
LWPH4A 0.80-3.00 1.90 Shallow Aquifer 
LWPH2 0.95-3.12 2.03 Shallow Aquifer 
LWPH4B 7.03-8.38 7.71 Shallow Aquifer 
LWCB1 10.12-10.73 10.43 Aquitard 
LWCB2 11.64-12.25 11.95 Aquitard 
LWPH4C 16.64-17.98 17.31 HPA 
 
 
Table 2. The RCS well characteristics. 
Well ID 
Screen Interval Below 
Land Surface (m) 
Average Screen Depth 
Below Land Surface (m) 
Screen 
Location 
B-WT 2.29 - 3.05 2.67 Water Table 
C-WT 3.14 - 3.23 3.19 Water Table 
D-WT 3.05 - 3.81 3.43 Water Table 
E-WT 3.26 - 4.03 3.65 Water Table 
F-WT 3.15 - 3.91 3.53 Water Table 
Well A 5.28 - 5.99 5.64 Alluvium Base 
Well B 5.52 - 6.23 5.88 Alluvium Base 
Well C 5.29 - 6.00 5.65 Alluvium Base 
Well D 5.81 - 6.52 6.17 Alluvium Base 
Well E 5.31 - 6.23 5.77 Alluvium Base 
Well F 5.81 - 6.52 6.17 Alluvium Base 
Well H 9.72 - 12.65 11.19 Bedrock 
 
 Before sampling, each well was purged using a Geotech Geopump peristaltic pump or a 
Geotech Geosquirt pump for roughly fifteen to thirty minutes. The conductivity of the pumped 
water was monitored. Geochemical and isotope samples were collected in 500 mL and 30 mL 
sample bottles, respectively. Duplicate samples were taken within a one to ten minute period 
depending on the pumping rate and availability of groundwater at each individual well. At the 
time of the sample collection, groundwater levels were measured with an electronic tape, and 






 Geochemical and isotope samples were transported on ice and refrigerated until 
laboratory analyses could be completed. The geochemical analysis was conducted at the Kansas 
Geological Survey in Lawrence, Kansas. Analysis included filtration through a 0.45 μm 
membrane filter, determination of lab pH, and alkalinity titration. An inductively coupled plasma 
optical emission spectrometer was used for the determination of Ca, Mg, Na, K, Sr, B, and silica 
concentrations, and an ion chromatograph for Cl, SO4, NO3, F, and Br concentrations. The 
estimated analytical error was generally on the order of a few percent for each constituent. 
Detection limits are on the order of magnitude relative to the last significant figure reported 
(Appendix II). Total dissolved solid (TDS) concentrations were computed from summing major 
and minor dissolved constituents with bicarbonate multiplied by 0.4917 to represent carbonate 
that would be precipitated. All calculated charge balances were below 3.5%. The deuterium and 




O) were analyzed at the Keck Paleoenvironmental 
Stable Isotope Laboratory at the University of Kansas in Lawrence, Kansas via a L2120-i Picarro 
Cavity Ring-Down Spectrometer with High-Precision Vaporizer A0211. The isotopic 
measurements were recorded in δ notation (‰), relative to the international VSMOW standard. 
The analytical error was <0.5‰ for deuterium and <0.1‰ for oxygen-18. The geochemical and 
isotopic values for duplicate samples at each individual LRS and RCS well were averaged 
(Appendix II).  
Chapter 3: Results 
LRS  
Water Level  
 
 The water-level and piezometric surface in the LRS wells exhibited varying responses to 





shallow aquifer wells did not have a significant change in water level during any sampling event 
(Figure 7). The water level in the aquitard well exhibited an immediate response, dropping 3.16 
m, after the groundwater sampling event in November 2012. The water level in the aquitard well 
did not approach full recovery until late September 2013 and dropped 4.37 m in response to the 
groundwater sampling event in October 2013. The piezometric surface of the HPA well dropped 
0.9 m after the October 2013 sampling event and had several sharp drops in late June, early 
August, and early and mid-September 2013.  
 Precipitation events of varying accumulation totals had diverse effects on the well water 
levels in each subsurface unit. The largest single day precipitation event (totaling 53.85 mm) 
occurred May 30, 2013. Water levels in all shallow aquifer wells increased roughly 0.04 m 
immediately following the precipitation event (Figure 7). In contrast, the water level in aquitard 
well did not exhibit an immediate, significant change. The HPA well experienced a slight rise, 
followed by a sharp decrease in water level. Another large multiday precipitation event occurred 
August 2-5 and August 8-9 (totaling 94.74 mm). The water levels in the shallow aquifer well 
increased 0.87 m by August 17, a couple days after the precipitation event. The water level in the 
aquitard well exhibited a slight increased rate of recovery at the same time as the shallow 
aquifer. In contrast, the water level in the HPA well experienced multiple sharp drops and rises 
in water level that are expected to have been caused by irrigation pumping. Irrigation pumping in 







Figure 7. Water levels of the shallow and deep aquifers and aquitard at the LRS. Precipitation 
data, represented by the shaded gray area, is a cumulative total of daily accumulation. The water-
level measurements were recorded every fifteen minutes. Elevations of the LRS wells have been 





 The continuous conductivity measurements recorded in the shallow aquifer well 
LWPH4A decreased in direct response to the multi-day precipitation event in August (Figure 8, 
Appendix I). After the precipitation event, the water level in the well rose while the conductivity 





 Dissolved solid concentrations in the shallow aquifer wells exhibited seasonal variability, 
while the aquitard and HPA well concentrations remained relatively constant. At each sampled 
shallow aquifer well, TDS and sulfate concentrations were lower in the non-growing season 
compared to the growing season (Figures 9 and 11). Nitrate concentrations were essentially the 
same in both seasons, except for the lower concentrations observed in the shallow aquifer wells 
LWPH2 and LWPH4A during the October 2013 sampling event (Figure 10). In the same 
sampling event, a decrease in TDS, nitrate, and sulfate concentrations was observed in wells 
LWPH2 and LWPH4A relative to the other sampling events (Figures 9-11). Water from the 
aquitard well consistently had the lowest dissolved solid concentrations compared to water from 
both aquifers (Figures 9-11, Appendix II). The HPA well concentrations remained relatively 






Figure 8. Groundwater elevations and corresponding specific conductivity for the LRS shallow 
aquifer well LWPH4A. Precipitation data, represented by the shaded gray area, is a cumulative 
total of daily accumulation. The water levels were recorded every fifteen minutes. Well 







Figure 9. TDS concentrations vs. average well screen depth at the LRS. The shaded gray area 
represents the approximate location of the aquitard (aquitard thickness varies from 3.1 to 6.6 m 






Figure 10. Nitrate concentrations vs. average well screen depth at the LRS. The shaded gray area 
represents the approximate location of the aquitard (aquitard thickness varies from 3.1 to 6.6 m 






Figure 11. Sulfate concentrations vs. average well screen depth at the LRS. The shaded gray area 
represents the approximate location of the aquitard (aquitard thickness varies from 3.1 to 6.6 m 





 The stable isotope compositions became lighter with depth from the shallow to the deep 





Appendix II). During the growing and non-growing seasons, the isotopic compositions of the 
shallow aquifer wells were above the global meteoric water line (GMWL). The shallow aquifer 
well samples exhibited a larger isotopic range during the non-growing season compared to the 
growing season (Table 3a-b). Two shallow aquifer wells, LWPH2 and LWPH4A, exhibited 
significantly heavier isotope compositions in the October sampling event compared to all the 
other shallow aquifer well samples. Well LWPH4B, the deepest shallow aquifer well and closest 
in vertical depth to the aquitard, exhibited the lightest isotopic compositions among the shallow 
aquifer wells in both seasons. The isotopic compositions of the aquitard well samples were 
below the GMWL during both seasons. The aquitard samples had the most depleted isotopic 
compositions of all the LRS groundwater samples by 16‰ for deuterium and 1.4‰ for oxygen-
18. The isotopic compositions of the HPA well samples were located above the GMWL and 
were similar for both seasons (Table 3a-b). During the non-growing season, all groundwater 
samples collected at the LRS were isotopically lighter in November 2012 compared to October 
2013. 
 Seasonal variations of precipitation isotopic compositions were calculated for the LRS 
(Figure 12). The summer precipitation exhibited the heaviest isotopic composition and was 
located below the GMWL. This value was closer to the isotopic compositions of the shallow 
aquifer and HPA wells than to the values of the aquitard. The isotopic compositions of the 










H measurements from all sampling events at the LRS. Relative 
seasonal and annual average calculated precipitation isotope compositions were determined by 
the Online Isotopes Precipitation Calculator (Bowen and Revenaugh, 2003; Bowen et al., 2005; 
OIPC, 2014). The summer months included June, July, and August; the spring months included 








Table 3. The LRS minimum, maximum, average, and standard deviation of groundwater stable 
isotope data with n representing the number of collected water samples. a) Growing season. b) 
Non-growing season. 
 
a. Growing Season 































-46 -7.0 -42 -6.6 -43 -6.8 1 0.1 
HPA 
(n=2)  
-49 -7.4 -49 -7.3 -49 -7.3 0 0.0 
 
b. Non-Growing Season 































-47 -7.2 -34 -5.7 -41 -6.6 4 0.5 
Aquitard 
(n=4)  
-70 -9.3 -65 -8.7 -67 -9.0 2 0.2 
HPA 
(n=2)  





 Two multi-day precipitation events at the RCS, one on May 29-30 (totaling 37.4 mm) and 
another August 4-9 (totaling 97 mm), exhibited different effects on the stream stage height 
(Figure 13). The stream stage height increased within days of each precipitation event before 
returning to base flow. The stream stage increased 0.83 m within a day of the May precipitation 
event and returned to base flow six days later. The August precipitation event caused an increase 
of 2.4 m on August 6, and the stream stage returned to base flow on August 15.  
 Each water-table well responded differently to the precipitation events (Figure 14). The 





day of the May precipitation event. During the August precipitation event, the water-table well 
water levels rose between 0.9 and 1.2 m. The exception was the water level in water-table well F, 
which remained at a constant low level, 300.3 m, except for two peaks (increase of 0.73 m and 
1.86 m) that correspond to the precipitation events. After a certain length of time, dependent on 
the amount of precipitation, the well water level returned to 300.3 m.  
 All of the alluvium base wells and the bedrock well exhibited similar water-level trends; 
the water levels rose as a result of the precipitation events and proceeded to continually rise and 
drop throughout the entire sampling period. The short-term rises and drops are caused by 
pumping of two nearby (about a 400 m distance) lawn and garden wells located to the north-







Figure 13. The stage height measurements of Rock Creek were recorded upstream of the 
groundwater sampling location. Precipitation data, represented by the shaded gray area, is a 
cumulative total of data collected every fifteen minutes. Stage height measurements are set at a 








Figure 14. Water levels of the water-table wells and an alluvium base well at the RCS compared 
to precipitation measurements. Precipitation data, represented by the shaded gray area, is a 
cumulative total of data collected every fifteen minutes. Water levels were recorded every fifteen 
minutes. Water-level measurements are relative to each other and a datum of 302 m for display 





 Dissolved solid concentrations varied with location and screen interval depth beneath the 
land surface. Specifically, the stream and water-table well samples varied between sampling 
events, while the alluvium base and bedrock samples exhibited roughly consistent constituent 





sulfate concentrations decreased as the year progressed, which resulted in wider concentration 
ranges between the two non-growing season sampling events compared to the two growing 
season sampling events (Figures 15-17).  
 The water-table wells exhibited the largest range of dissolved solid concentrations and 
showed seasonal variations (Figures 15-17). Water-table well B had the largest range of TDS 
values, 1,310 to 2,130 mg/L, and water-table well F had the highest concentration of 2,200 mg/L 
in September (Figure 15). Nitrate concentrations in all water-table wells, excluding water-table 
well D, were low (<0.5 mg/L) (Figure 16). Water-table well D nitrate concentrations changed 
with each sampling event, ranging from 1.09 mg/L in November to 2.24 mg/L in April. The 
April samples from water-table wells B and C had the highest sulfate concentration, 513 and 538 
mg/L, respectively, compared to all other water-table samples (Figure 17).  
 TDS values in the alluvium base wells were slightly lower at all locations in June 
compared to September (Figure 15). The nitrate and sulfate concentrations of the alluvium base 
wells varied only slightly between the sampling seasons (Figures 16-17).  
 The bedrock water samples had very similar concentrations of dissolved solids and all 






Figure 15. TDS concentrations vs. average well screen depth at the RCS. The shaded gray area 
represents the approximate location of the bedrock (depth to the bedrock varies between 5.5 and 
7.6 m below the land surface across the study area). Stream samples are located at a depth of 0.2 






Figure 16. Nitrate concentrations vs. average well screen depth at the RCS. The shaded gray area 
represents the approximate location of the bedrock (depth to the bedrock varies between 5.5 and 
7.6 m below the land surface across the study area). Stream samples are located at a depth of 0.2 






Figure 17. Sulfate concentrations vs. average well screen depth at the RCS. The shaded gray area 
represents the approximate location of the bedrock (depth to the bedrock varies between 5.5 and 
7.6 m below the land surface across the study area). Stream samples are located at a depth of 0.2 





 The stream and water-table well samples exhibited the heaviest isotopic compositions at 





growing season compared to the growing season. During the growing season, the September 
stream samples were lighter in oxygen-18 compared to the June samples, but exhibited similar 
deuterium compositions. The isotopic compositions of the water-table wells varied above and 
below the GMWL depending on the sample event (Figure 18). The water-table wells exhibited 
the largest range of isotopic values during the growing season (Table 4a-b). Compared to all 
other water-table wells, samples from water-table wells B and C were heavier in isotope 
composition and closer in composition relative to the stream samples collected in this study and 
precipitation samples collected by Machavaram et al. (2006).  
 The similarity of isotopic compositions between the stream and water-table wells B and 
C samples varied during each sampling event. During the growing season, the June water-table 
well samples were closer in composition to the June stream samples compared to the September 
samples. In the non-growing season, deuterium values in the water-table well samples were 
lighter and nearer to the GMWL in April compared to November. 
 The alluvium base and bedrock well samples were similar in isotopic compositions and 
located above the GMWL (Figure 18, Appendix II). Although the alluvium base and bedrock 
well samples were similar in isotopic values, some of the alluvium base well samples were 
lighter compared to those from the bedrock well. In the growing season, all June water-table 
samples were isotopically lighter than the bedrock sample. During the non-growing season, all 
April alluvium base well samples, excluding well E, were lighter in deuterium compared to the 
bedrock sample. The average d-excess of the alluvium base well samples was 14.2‰, whereas 
the average for the bedrock well samples was 12.9‰ (Appendix II).  
 Calculated precipitation isotopic compositions vary seasonally at the RCS (Figure 18). 





This value resembles the isotopic compositions of the stream and water-table well B and C 
samples. The spring precipitation isotopic composition was isotopically heavier and similar to 
the annual average precipitation composition. The isotopic compositions of the alluvium base 












H measurements from all sampling events at the RCS. The 
measured precipitation isotope composition data were collected in May 2002 by Machavaram et 
al. (2006). Relative seasonal and annual average calculated precipitation isotope compositions 
were determined by the Online Isotopes Precipitation Calculator (Bowen and Revenaugh, 2003; 
Bowen et al., 2005; OIPC, 2014). The summer months included June, July, and August while the 









Table 4. The RCS minimum, maximum, average, and standard deviations of groundwater stable 
isotope data with n representing the number of collected water samples. a) Growing season. b) 
Non-growing season. 
 
a. Growing Season 































-28 -4.8 -27 -4.3 -28 -4.6 0 0.2 
Water Table 
(n=9) 
-38 -6.5 -22 -3.9 -31 -5.4 6 1.0 
Alluvium Base 
(n=12) 
-40 -6.9 -37 -6.3 -38 -6.6 1 0.2 
Bedrock 
(n=2)  
-38 -6.4 -37 -6.2 -38 -6.3 1 0.1 
 
b. Non-Growing Season 































-30 -4.5 -29 -4.4 -30 -4.5 0 0.0 
Water Table 
(n=7) 
-37 -6.4 -25 -4.4 -31 -5.3 5 0.8 
Alluvium Base 
(n=11) 
-40 -6.7 -37 -6.3 -38 -6.5 1 0.1 
Bedrock 
(n=1)  
-38 -6.4 -38 -6.4 -38 -6.4 - - 
 
LRS vs. RCS Isotopes  
 
 During the growing season, all the LRS samples were isotopically lighter compared to the 
RCS samples (Figure 19). The average deuterium and oxygen-18 compositions of the LRS 
samples were -45‰ and -6.9‰, respectively, with a d-excess of 10.6‰ (Appendix II). The RCS 
water samples were split into two groups based on differences in isotopic compositions. One 
RCS data group, Group A, includes the bedrock, alluvium base, and water-table D, E, and F 





13.9‰ for d-excess, were slightly heavier compared to the LRS samples. The other RCS data 
group, Group B, includes water-table wells B and C and the stream samples (Figure 19). These 
samples exhibited the heaviest isotopic composition and were closest in value to the precipitation 
samples collected by Machavaram et al. (2006). The average deuterium and oxygen-18 
compositions of the Group B samples were -27‰ and -4.6‰, respectively, with a d-excess of 
9.5‰.  
 More variation in isotopic compositions was present during the non-growing season 
compared to the growing season (Figure 20). Some of the LRS samples were not isotopically 
lighter compared to the RCS samples; LRS shallow aquifer wells LWPH2 and LWPH4A were 
heavier compared to Group A (Figure 20). The LRS aquitard well samples exhibited the lightest 




O: -9.0‰). The HPA samples had the next 










 The predicted precipitation isotope compositions (calculated values) exhibit seasonal 
differences and are lighter at the LRS compared to the RCS (Figure 21, Appendix II). The winter 
and fall months (September through February) are isotopically lighter compared to the spring 
and summer months (March through August). Additionally, the winter and fall months plot 
above the GMWL, while most spring and summer months plot near or below the GMWL. The 
LRS precipitation values were lighter year round compared to the RCS. For example, the annual 




















H measurements from all sampling events at the 
LRS and the RCS. The measured precipitation isotope composition data were collected in May 
2002 by Machavaram et al. (2006). Group A includes RCS bedrock, alluvium base, and water-












H measurements from all sampling events at 
the LRS and the RCS. The measured precipitation isotope composition data were collected in 
May 2002 by Machavaram et al. (2006). Group A includes RCS bedrock, alluvium base, and 








Figure 21. Plot of relative annual and seasonal average calculated precipitation isotope 
compositions at the LRS and RCS. Relative annual and seasonal average calculated precipitation 
isotope compositions were determined by the Online Isotopes Precipitation Calculator (Bowen 
and Revenaugh, 2003; Bowen et al., 2005; OIPC, 2014). The summer months included June, 
July, and August; the spring months included March, April, and May; the fall months included 







Chapter 4: Discussion 
LRS 
 The magnitude, duration, and intensity of precipitation events affected the subsequent 
amount of recharge within the subsurface of the LRS system. The largest multiday precipitation 
event, ending August 9, caused the shallow aquifer water level to significantly rise on August 17, 
with a slight rise in the water level in the aquitard well (Figure 7). The time delay between the 
rain event and the rise in the shallow aquifer well water level sheds light into the rate of 
groundwater flow through the aquifer system. In contrast, a smaller, single day precipitation 
event that occurred on May 30 did not result in such a large response in the shallow aquifer well 
water levels (0.03 to 0.05 m rise). The aquitard well water level did not exhibit any increased 
recovery rate after the May precipitation event. The water levels in the HPA well generally 
decreased after both precipitation events; the water level decreases in the HPA well are most 
likely a result of nearby irrigation pumping throughout the research period. Water levels in both 
the phreatic alluvial aquifer and the aquitard wells were not affected by the local groundwater 
withdrawals in the HPA. 
 The increased recovery rate in the aquitard well could represent the transmission of a 
pressure pulse from the aquifer to the aquitard (Figure 7). Aquitards are recognized for slow 
groundwater flow based on the sediment composition, generally clay-rich sediments (Bradbury 
et al., 2006; Hendry and Wassenaar, 2009; Hendry et al., 2011). However, preferential flow in 
aquitards can arise from layers with somewhat higher hydraulic conductivity material and the 
presence of vertical fractures (Cherry et al., 2006). Areas of higher hydraulic conductivity 
provide a groundwater flow path of lower resistance, effectively creating a preferential flow 
path. The LRS aquitard is considered a thin aquitard, less than 15.0 m, and thus has a higher 





withdrawal from an aquitard is dependent on the storage coefficient, or porewater released due to 
a change in head (Cherry et al., 2006). The subsequent recovery rate of the aquitard can be 
increased by the presence of preferential flow pathways. An additional hypothesis for the 
increased recovery rate of the aquitard is related to the increase in water level and pressure in the 
overlying shallow aquifer after the precipitation event. The higher hydraulic head and pressure 
from the additional groundwater storage in the shallow aquifer could result in an increase in 
groundwater flow to the aquitard. A combination of heterogeneous material in the aquitard, the 
possible presence of vertical fractures, and the large influx of groundwater into the shallow 
aquifer from the precipitation event are the likely causes of the increased water-level recovery 
rate in the aquitard well at the LRS.  
 Significant changes in specific conductivity measurements observed in the shallow 
aquifer well LWPH4A correlate to the August precipitation event and evapotranspiration (Figure 
8, Appendix I). The initial decrease in specific conductance was likely a result of dilution from 
the influx of precipitation recharge (Figure 8, Appendix I) (e.g. Whittemore et al., 2005). As the 
well water level receded, the specific conductance measurements (which are corrected for 
temperature) could have been further affected by evapotranspiration and the vertical movement 
of stratified zones of different dissolved solid concentrations in the groundwater (Whittemore et 
al., 2005). Riparian vegetation consumes shallow groundwater via evapotranspiration; long-term 
groundwater specific conductance trends at the LRS exhibit a decrease between the fall and 
winter months and an increase in spring and summer months, indicating increased 
evapotranspiration activity during the growing season (Figure 8). As water is removed, salts 
remain behind and would cause water in the aquifer to become more saline and increase specific 





well screen is at a fixed depth within the aquifer (Table 1); as the groundwater level varies, 
stratified zones of different TDS concentrations could have fluctuated up and down, causing 
changes in specific conductance in the area surrounding the well screen. Other precipitation 
events at the LRS did not cause a significant change in specific conductance measurements. This 
indicates that immediate changes in specific conductance measurements at the LRS are 
dependent on two factors: a minimum amount of surface water recharge to dilute groundwater 
and fluctuations in water levels causing the vertical movement of groundwater with stratified 
salinity. 
 The spatial distance of the shallow aquifer wells LWPH4A and LWPH2 to the dry, 
coarse river channel could explain the effect of precipitation on the collected water-level data. 
These wells were located closer to the river channel than the other three shallow aquifer wells 
sampled (Figure 5). Precipitation in the alluvial river channel can quickly infiltrate through 
coarse sediment compared to the soil around the riparian zone, which would be inhibited by the 
interception of water by the riparian cover as well as slowed by infiltration through the root zone 
and thicker unsaturated zone. The coarse sediment in the river channel and its connection to 
coarse sediment layers in the alluvial aquifer effectively creates a preferential flow path for 
surface water recharge to the wells. A similar phenomenon was studied by Cook et al. (2006) at 
the LRS. As the groundwater level below the streambed increases, a pressure head would 
develop. As observed by Cook et al. (2006), shallow aquifer wells located closer to the stream, 
such as LWPH4A and LWPH2, would experience a greater and faster increase in water level 
compared to wells located further away from the stream channel due to the pressure head.  
 The lower geochemical concentrations and heavier isotopic measurements in the shallow 





of spatial location and infiltration effects (Figures 7 and 9-12). A precipitation event (27.69 mm) 
occurred two days before the sampling event (Figure 7). The geochemical concentrations from 
the well samples were diluted from the influx of precipitation, and the isotope compositions were 
lighter, possibly from intermixing with the precipitation (e.g. Coplen et al., 1999; Rein et al., 
2004). The geochemical and isotope data from the November sampling event did not exhibit any 
effects from a precipitation event that was nine days prior (accumulation of 27.94 mm); the 
specific conductivity measurements were not significantly affected by the precipitation event and 
the geochemical and isotope values could have already recovered from the effects of 
precipitation infiltration through the Arkansas River channel and surrounding floodplain. 
 The geochemical and isotopic data for the three different units at the LRS (shallow and 
deep aquifers and aquitard) are dependent on the geological heterogeneities present in the 
subsurface. The consistency of the observed geochemical and isotopic trends indicates mixing 
between the shallow aquifer and HPA through a leaky aquitard system able to transfer water over 
a large cross-sectional area or by leakage through the gravel packs of irrigation wells that 
connect the alluvial aquifer and underlying HPA (Figures 9-11) (e.g. Butler et al., 2004, Fetter, 
2001). The alluvial aquifer had higher dissolved ion concentrations compared to the HPA. 
However, well LWPH4B, which is in the lower part of the alluvial aquifer and the closest in 
vertical depth of the alluvial aquifer wells to the HPA well, consistently had lower constituent 
concentrations and lighter isotopic compositions compared to the shallower aquifer wells. 
Although the dissolved constituent concentrations at this well were consistently lower, the 
magnitude of difference for each dissolved constituent varied between sampling events.  
 The isotopic compositions of the well samples became lighter with depth, excluding the 





Fritz (1997). The isotopic signature of surface water recharge to groundwater is dependent on the 
isotopic composition of precipitation, with variations based on groundwater mixing of additional 
water sources and seasonal recharge (e.g. Gibson et al., 2005; O’Driscoll et al., 2005). Thus, 
shallow groundwater isotope compositions generally fluctuate around the mean annual 
precipitation compositions with fewer seasonal variations at depth (Clark and Fritz, 1997; 
O’Driscoll et al., 2005). Well LWPH4B exhibited the lightest isotope compositions in the 
alluvial aquifer (Figure 12); specifically, the isotope compositions of this well were close to the 
composition of the HPA samples. The similarity between the dissolved constituent 
concentrations and isotopic compositions of the HPA well and the LWPH4B well, regardless of 
the sampling season or recent precipitation events, suggests groundwater intermixing between 
the two aquifers zones through aquitard heterogeneities or water movement through the gravel 
packs of irrigation wells. 
 The isotopic data suggests the longest water storage occurred in the aquitard at the LRS. 
Aquitards can contain water with an isotopic signature representative of the climatic conditions 
from when the aquitard was formed (Bradbury et al., 2006). The isotopic signature of the older 
porewater would be different compared to the present day precipitation isotopic signature; the 
isotopic signature of the porewater contained within the LRS aquitard is different compared to 
the phreatic alluvial aquifer and HPA isotopic signatures (which have been affected in the recent 
by surface water recharge), indicating the water in the aquitard originated from a different time 
period. The consistency of the isotope values in all samples from the aquitard indicated no 
mixing or influence from the waters in the overlying and underlying aquifers. This suggests older 





 Surface water recharge to groundwater at the LRS was indicated by seasonal changes in 
isotopic compositions. Precipitation isotopic compositions are a function of the changing 
seasonal climate relative to several environmental factors including temperature, humidity, and 
altitude (Blasch and Bryson, 2007; Coplen et al., 1999). The calculated isotopic composition of 
winter precipitation at both sites was lighter compared to summer precipitation (Figure 21); this 
trend is typical in the North American Interior (e.g. Reddy et al., 2006). A comparison of the 
annual and seasonal calculated precipitation isotope compositions to the groundwater samples at 
the LRS indicate that the time of the recharge likely occurred during the summer and spring 
months (Figure 12). The winter and fall isotopic compositions were lighter compared to the 
alluvial aquifer and HPA samples, indicating recharge did not occur in the winter and fall. The 
year round shallow aquifer isotope compositions are similar in composition to the summer 
calculated precipitation, which further suggests the seasonal timing of groundwater recharge 
likely occurred during the summer months. However, the isotope compositions of the aquitard 
well samples were located between the spring and fall isotopic compositions, suggesting that the 
aquitard is not affected by the groundwater recharge or contains older water indicative of 
previous stream stage, recharge, and climatic conditions. 
 
RCS 
 Water levels in all of the water-table wells exhibited an immediate rise due to 
precipitation events with water-table well F being most affected (Figure 14). During two 
precipitation events, in May and August, the water level in water-table well F rose above and 
then fell below the level of the pressure transducer in the well. Only a single sample could be 





precipitation event. While collecting the water sample, the water level immediately decreased 
during pumping and proceeded to recover in a short time period.  
 The source of water-level fluctuations in water-table well F could result from 
precipitation infiltration, lateral groundwater movement of stream-bank recharge through the 
more permeable layers to the well location, or vertical flow from deeper in the alluvium. Vertical 
flow from deeper in the alluvium could be from the water pressure from bank storage that did not 
reach the well, the pressure in the underlying bedrock aquifer after an increase in water level 
from precipitation recharge in the upland area, or both of these mechanisms. The main source of 
the water for the water-table well F sample was from vertical flow from deeper in the alluvium 
as evident from the closer similarity of the isotope data for the water-table well F sample to that 
of the alluvium base well samples than to that of the stream water and water-table wells B and C 
(Figure 18). The TDS and chloride concentrations in the water-table well F sample were the 
highest of any samples collected from the RCS, and the sulfate concentration was also relatively 
high (Figures 15 and 17, Appendix I). The water rising from lower in the alluvium could have 
dissolved precipitated salts in the unsaturated zone of the soil around water-table well F that had 
accumulated from evapotranspiration consumption of groundwater and soil moisture. Similar 
increases in TDS concentrations have been observed in previous studies at the RCS (Whittemore 
et al., 2005). 
 The spatial locations of the water-table wells could have affected the nitrate 
concentrations observed in each water-table well. The nitrate concentrations were too low to 
show any effects of dilution from precipitation, except for concentrations in water-table well D 
(Figure 16). Water quality is dependent on varying factors at different spatial scales (Allan 2004; 





closest in proximity to the hay and agricultural fields (Figure 6). Higher nitrate concentrations in 
this well could have been caused by the application of fertilizer on the agricultural fields, 
nitrification and denitrification processes in the riparian zone, or the recycling of detritus 
material left on the edge of the field after cutting the hay (e.g. Canfield et al., 2010; Delgado and 
Follet, 2002). Denitrification and nitrification processes were not studied further since dissolved 
oxygen measurements were not collected. Another hypothesis is that nitrate dilution occurred in 
all water-table wells, except water-table well D, from the infiltration of cleaner stream water. In 
comparison, the chloride concentrations, which are considered a conservative tracer, did not 
exhibit the same trends as the nitrate concentrations at the RCS water-table wells (Appendix I). 
This indicates that the water-table well F nitrate concentrations were affected by an unidentified 
source.  
 The alluvium base and bedrock well samples generally exhibited the same geochemical 
and isotopic values due to similar well screen depths and the upwelling of groundwater from the 
bedrock (Figure 15-18, Table 2). The base of the alluvium and the top of the bedrock are roughly 
6.0 m below the land surface. The alluvium base wells were screened into the top centimeters of 
the weathered bedrock for increased water availability during sample collection (Table 2). The 
limestone bedrock includes thin beds and filled fractures of gypsum that could have dissolved 
with groundwater contact, creating small cavities and increased porosity. The cavities would then 
allow for preferential limestone dissolution along these more permeable paths of groundwater 
flow; this was indicated during drilling of the bedrock well when the drill bit suddenly dropped 
in a couple zones, indicating voids or cavities within the bedrock (Donald Whittemore, Kansas 
Geological Survey, personal communication). Similar water would be observed in the 





geochemical and isotopic data for the alluvium base and bedrock wells would also be observed. 
Generally, deep groundwater isotopic compositions are affected by dilution or mixing with other 
waters (Huddart et al., 1999). The similar isotopic compositions of the alluvium base and 
bedrock samples indicate mixing between the two reservoirs of water. Additionally, these 
samples were located slightly above the GMWL, possibly due to groundwater-mineral 
interactions (IAEA, 1983). 
 Seasonal effects were observed in stream and water-table well samples, which offer 
insight into the residence time of groundwater at the RCS. Stream samples were heavier in 
isotopic composition than all groundwater samples (excluding water-table wells B and C), close 
in proximity to the measured precipitation isotope compositions, and generally below the 
GMWL (Figure 18). The surface water isotopic signature is reliant on precipitation, evaporation, 
and groundwater discharge (e.g. Darling et al., 2003; Gibson et al., 2005). Specifically, during 
the evaporation process, lighter isotopes evaporate before heavy isotopes, causing the residual 
water to become enriched in heavy isotopic species (e.g. Gibson et al., 2005; Krabbenhoft et al., 
1990). Water-table wells B and C were closest in isotopic composition to the stream compared to 
all other sampling locations. Additionally, the samples varied in composition based on seasonal 
changes, which are generally seen in isotopes above the water table and shallow groundwater 
(Clark and Fritz, 1997). The variations in isotopic composition could result from a slight 
evaporation effect or variability in the environmental factors governing the precipitation isotope 
concentrations. Regardless, the isotope measurements reveal the connectivity between the 
surface water and shallow groundwater in some portions of the alluvium. The stream and water-
table wells B and C represent short-term water storage; the isotopic compositions varied with 





stream base flow), and spatial location. In contrast, the deeper alluvium base, bedrock, and 
water-table D, E, and F well samples did not exhibit any changes in isotopic composition due to 
precipitation events, and represent longer-term water storage (Figure 18).  
 Surface water recharge to groundwater can be monitored by seasonal changes in 
precipitation, surface water, and groundwater isotopic compositions. A comparison of the annual 
and seasonal calculated precipitation isotope compositions to the groundwater samples at the 
RCS indicated that the time of the recharge likely occurred during the summer and spring 
months (Figure 18). The winter and fall calculated precipitation isotope compositions were 
lighter compared to the groundwater samples, likely indicating a lack of influence of winter and 
fall recharge on the groundwater. The stream and water-table well B and C isotope compositions 
were similar to those for the summer calculated precipitation, which suggests the likely influence 
of summertime groundwater recharge. The bedrock, alluvium base, and water-table wells D, E, 
and F exhibited more constant isotopic compositions among seasons and were closer to the 
spring calculated precipitation. The lack of seasonal variation further supports longer-term water 
storage in the alluvial base, bedrock, and water-table D, E, and F wells compared to the stream 
and water-table wells B and C. 
 
LRS vs. RCS Groundwater-Surface Water Interactions 
 Interactions between surface water and shallow groundwater were present at both the 
LRS and RCS. The effect of surface water on groundwater varied based on stream stage, 
subsurface geology, and seasonality at each site. The presence of groundwater-surface water 





 The large May and August precipitation events affected the LRS and RCS with roughly 
the same magnitude, duration, and intensity. The Arkansas River bed at the LRS acted as a 
preferential pathway for surface water recharge to shallow groundwater. Infiltrated surface water 
increased shallow aquifer well water levels with little effect on the deeper wells in the aquitard 
and HPA (Figure 7); the aquitard acted as a geologic barrier inhibiting rapid surface water 
infiltration and groundwater to the HPA. In contrast, precipitation runoff accumulated in the 
Rock Creek river channel, increased stage height, infiltrated the stream banks, and caused 
groundwater to laterally flow to and from the observation wells. All observation wells at the RCS 
were affected, to a varying degree, by large precipitation events; smaller well water-level 
variations in response to the precipitation events were observed in the bedrock and alluvium 
wells compared to the water-table wells (Figure 14). 
 The shallow groundwater wells at the LRS and RCS did exhibit seasonal variations in 
geochemical and isotopic values compared to the deeper groundwater wells (Figures 9-12 and 
15-18). These factors further indicate that surface and groundwater interactions are present at 
both sites. Although the aquitard is considered a leaky aquitard, the connection between surface 
water and deep HPA groundwater was not as prominent compared to the interactions of surface 
water and shallow alluvial aquifer groundwater (based on the seasonal geochemical and isotopic 
variations) (Figures 9-12). The lighter isotopic composition of the aquitard well samples 
indicates older water stored within the aquitard. In contrast, the RCS bedrock and alluvium base 
wells exhibited little to no seasonal variations compared to the surface and water-table well 
(Figures 15-18). The sediment-groundwater interface and spatial location of each water-table 





seasonal variations in the individual water-table well samples provide insight to differing 
subsurface heterogeneities and subsequent effects of surface water on the shallow groundwater.  
 Increased concentrations of dissolved solids were observed at both sites, most likely a 
result of transpiration. A dry period affected the LRS and RCS prior to the sample collections in 
this research. As the groundwater table dropped, stratified zones of concentrated salts formed 
(e.g. Whittemore et al., 2005). Consumption of the groundwater from plant root uptake caused 
the stratified zones to become more concentrated in salts. Isotopic compositions of the 
groundwater samples at the LRS and RCS did not exhibit a significant deviation below the 
GMWL, indicating that evaporation did not appear to be a major factor in increasing the 
concentration of dissolved constituents from season to season. Transpiration does not 
significantly change the isotopic composition of water and could have potentially been a major 
factor in the stratified zones of concentrated salts (Clark and Fritz, 1997). As the groundwater 
table rose, due to a large precipitation event, the water table reached the stratified zones of 
concentrated salts and resulted in increased concentrations of dissolved solids at both research 
sites.  
 Isotopic signatures of surface and groundwater samples indicate relative groundwater 
storage durations at the LRS and RCS. Several factors can affect precipitation isotope 
compositions, including latitude, altitude, temperature, precipitation, relative humidity, and 
evaporation (Clark and Fritz, 1997; Coplen et al., 1999). These factors could explain the 
differences in the isotope compositions between the short-term water storage of the RCS water-
table B and C wells (Group B) versus the longer-term water storage at the LRS and remaining 
RCS locations (Group A) (Figures 19-20). The RCS calculated precipitation isotope 





compared to the LRS calculated precipitation isotope values (Figure 21). This trend was 
consistent with the surface and groundwater isotope compositions determined at both sites; the 
RCS Group B samples, representing short-term water storage, were roughly 10‰ enriched in 
deuterium and 2‰ enriched in oxygen-18 compared to the remaining RCS (Group A) and LRS 
groundwater samples, which represented longer-term water storage (Figures 19-20). The RCS 
alluvium base and bedrock samples fall within the isotopic range of the LRS shallow aquifer 
samples. The LRS aquitard samples are much lighter in comparison, indicating a different source 
of water. The LRS aquitard and HPA samples did not exhibit as much variability compared to 
the shallow groundwater at both site, which indicates no effects from seasonal variations.   
Chapter 5: Conclusion 
 
 This research compared two locations with differing subsurface geologic environments 
and somewhat different climates to assess changes in groundwater-surface water interactions. 
The influence of surface water on groundwater varied at each site relative to stream stage, 
subsurface heterogeneity, and seasonal changes. The different surface water connections with 
groundwater indicate that specific site conditions are important considerations for safeguarding 
the future quantity and quality of water in the aquifers. The knowledge obtained from this 
research could help determine possible recharge and contaminant flow paths of other aquifers 
located in similar alluvial environments.    
 The geochemical variation between the shallow and deep aquifers and aquitard at the 
LRS implied a leaky aquitard system with longer-term water storage in the aquitard. Similar 
dissolved solids and isotope values provide evidence for a connection between the shallow and 
deep aquifers through the heterogeneities present in the aquitard and flow through the gravel 





isotopic composition to the deep HPA well, further supporting possible mixing between the deep 
aquifer water and shallow aquifer water. However, the hydraulic and chemical response to 
precipitation and pumping indicates that the aquitard acts as a geologic barrier between the 
shallow alluvial aquifer and deeper HPA by inhibiting rapid water level changes in one aquifer 
from affecting the other. The lower dissolved solid concentrations in the LRS aquitard could 
have resulted from the retention of fresher water by the low hydraulic conductivity of the 
aquitard. The isotopic signatures in the aquitard were significantly lighter compared to both 
aquifers. Combined with the geochemical data, this indicates older, fresher water contained 
within the aquitard compared to the shallow and deep aquifers. The hydrologic connection 
between the two aquifers signifies recharge pathways and the potential for contamination 
pathways between the two aquifers.  
 Spatial location, subsurface heterogeneity, and surface water infiltration are the primary 
causes of variations, indicative of the distinction between short-term and long-term water 
storage, in the observed well data at different locations at the RCS. The varying values indicate 
surface water and shallow groundwater interactions through the lateral groundwater movement 
of surface water recharge through the more permeable layers at selected locations. Dissolved 
constituent concentrations and stable isotope compositions exhibited the highest variation in the 
stream and water-table samples between the growing and non-growing season, indicating short-
term water storage. In contrast, the consistency of the deeper groundwater, despite precipitation 
and seasonal changes, implied longer-term storage. The varying subsurface geology allows for 
vulnerability of groundwater to contamination pathways when the groundwater was directly 
influenced by surface water recharge in parts of the alluvium. The low permeability of the 





the water table protect the bedrock aquifer from potential contamination by stream water. 
 Stratified zones of concentrated salts at both the LRS and RCS sites were primarily a 
result of transpiration. Increasing concentrations of dissolved solids were observed at both sites. 
The isotopic composition of the groundwater samples did not exhibited significant deviations 
below the GMWL, indicating that evaporation was not a major factor in the increased 
concentrations of dissolved constituents. This suggests that increases in dissolved constituent 
concentrations observed during dry periods at the LRS and RCS are primarily controlled by the 
process of transpiration; as the groundwater is withdrawn from the water table, stratified zones of 
concentrated salts remain in a smaller volume of soil moisture and groundwater. 
Chapter 6: Future Work 
 Additional groundwater sampling during growing and non-growing seasons would 
improve the determination of regional long-term trends. Long-term changes in climate would 
affect stream stage and alter the isotopic composition of precipitation. Understanding the effect 
of varying environmental factors, such as long-term drought conditions and temperature, would 
further the breadth of knowledge of surface and groundwater connections. Additionally, the 
long-term collection of stream water isotope data could provide a local meteoric water line for 
the study regions. 
 Additional data for seasonal oxygen-18 compositions would provide a means to 
determine the mean residence time (MRT) of groundwater at both field sites. Relative 
groundwater residence times were determined at the LRS and RCS sites. McGuire et al. (2002) 
and Reddy et al. (2006) combined precipitation oxygen-18 values and sine function models that 





utilized in these studies would be applied to the measured oxygen-18 compositions at the LRS 
and RCS to strengthen the understanding surface-groundwater interactions. Analysis of MRT 
estimations from both equations would provide comparative values. Additionally, understanding 
the mean residence time of groundwater enhances the predictions of aquifer vulnerability to 
groundwater contamination (McGuire et al., 2002). The establishment of long-term surface and 
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Appendix I. Additional Figures  
 





















Figure 26. Groundwater elevations and corresponding specific conductivity for the LRS shallow 
aquifer well LWPH4A. Precipitation data, represented by the shaded gray area, is a cumulative 
total of daily accumulation. The water levels were recorded every fifteen minutes. Well 






Figure 27. Chloride concentrations vs. average well screen depth at the LRS. The shaded gray 
area represents the approximate location of the aquitard (aquitard thickness varies from 3.1 to 6.6 






Figure 28. Chloride concentrations vs. average well screen depth at the RCS. The shaded gray 
area represents the approximate location of the bedrock (depth to the bedrock varies between 5.5 
and 7.6 m below the land surface across the study area). Stream samples are located at a depth of 






Figure 29. Plot of δ
18







Figure 30. Plot of δ
18






Appendix II. Geochemical and Isotopic Data 







































































































































































































































Table 7. Groundwater isotopic data for the LRS. Duplicate samples at each individual well were 
averaged. Deuterium excess, d-excess, was calculated by the following equation: d-excess = 8* 
δ
18
O + 10. 
 
LRS Growing Season 
 

























Samples Collected on June 7, 2013 
 
Samples Collected on November 19, 2012 
LWPH6 -6.8 -43 12.0 
 
LWPH6 -7.0 -44 12.4 
LWPH4A -6.6 -42 10.5 
 
LWPH4A -6.8 -42 12.1 
LWPH4B -6.9 -46 9.7 
 
LWPH4B -7.2 -47 10.4 
LWPH4C -7.3 -49 9.7 
 
LWCB1 -9.3 -69 5.1 
     
LWCB2 -8.9 -65 5.9 
Samples Collected on July 11, 2013 
 
LWPH4C -7.3 -49 9.9 
LWPH6 -6.8 -43 11.7 
     
LWPH3 -6.7 -42 11.3 
 
Samples Collected on October 15, 2013 
LWPH4A -6.7 -43 11.2 
 
LWPH6 -6.9 -43 12.8 
LWPH4B -6.9 -45 10.0 
 
LWPH3 -6.6 -42 11.1 
LWPH4C -7.3 -49 9.3 
 
LWPH4A -6.0 -37 10.7 
     
LWPH2 -5.7 -35 11.1 
     
LWPH4B -7.1 -46 10.0 
     
LWCB1 -8.8 -66 4.4 
     
LWCB2 -9.0 -70 2.7 
     


























Table 8. Surface and groundwater isotopic data for the RCS. Duplicate samples at each 
individual well were averaged. Deuterium excess, d-excess, was calculated by the following 
equation: d-excess = 8* δ
18
O + 10. 
 
RCS Growing Season 
 























Samples collected on June 13, 2013 
 
Samples collected on April 16, 2013 
Upstream -4.6 -28 8.6 
 
Upstream -4.5 -30 6.2 
Mid-Stream -4.5 -28 8.3 
 
Mid-Stream -4.4 -29 5.8 
Downstream -4.3 -27 7.0 
 
Downstream -4.5 -30 5.8 
B-WT -5.1 -28 12.6 
 
B-WT -5.1 -33 7.5 
C-WT -4.9 -28 10.6 
 
C-WT -4.9 -31 8.3 
D-WT -6.2 -37 12.4 
 
D-WT -6.3 -37 13.6 
E-WT -6.1 -37 12.4 
 
E-WT -6.3 -37 13.0 
Well A -6.6 -38 14.5 
 
Well A -6.7 -38 15.5 
Well B -6.7 -39 15.1 
 
Well B -6.6 -39 13.0 
Well C -6.8 -39 15.7 
 
Well C -6.4 -39 12.6 
Well D -6.5 -39 13.1 
 
Well D -6.5 -39 13.3 
Well E -6.4 -38 13.2 
 
Well E -6.3 -37 13.5 
Well F -6.4 -37 13.9 
 
Well F -6.4 -38 12.7 
Well H -6.3 -37 12.9 
 
Well H -6.4 -38 13.1 
         
Samples collected on September 2, 2013 
 
Samples collected on November 7, 2013 
Upstream -4.8 -28 11.2 
 
B-WT -4.5 -26 10.0 
Mid-Stream -4.8 -28 11.1 
 
C-WT -4.4 -25 10.6 
Downstream -4.8 -28 10.8 
 
D-WT -6.4 -37 14.2 
B-WT -4.1 -23 9.8 
 
Well A -6.6 -38 15.5 
C-WT -4.0 -22 9.6 
 
Well B -6.6 -38 14.9 
D-WT -6.4 -38 13.7 
 
Well C -6.6 -37 15.1 
E-WT -6.2 -35 14.3 
 
Well D -6.5 -37 14.9 
F-WT -6.2 -37 13.1 
 
Well E -6.5 -37 14.7 
Well A -6.7 -39 13.9 
     
Well B -6.6 -39 14.1 
     
Well C -6.5 -39 13.4 
     
Well D -6.5 -38 14.4 
     
Well E -6.6 -38 14.9 
     
Well F -6.8 -39 15.8 
     
Well H -6.3 -38 12.7 











Table 9. Relative annual and seasonal average precipitation isotope compositions were 
determined by the Online Isotopes Precipitation Calculator (Bowen and Revenaugh, 2003; 
Bowen et al., 2005; OIPC, 2014). The summer months included June, July, and August; the 
spring months included March, April, and May; the fall months included September, October, 























 Monthly Average 
 
Monthly Average 
 January -110 -15 
 
January -88 -12.2 
 February -94 -13.1 
 
February -76 -10.8 
 March -71 -9.9 
 
March -53 -7.6 
 April -58 -8.6 
 
April -43 -6.6 
 May -55 -7.6 
 
May -42 -5.7 
 June -55 -7.5 
 
June -43 -5.9 
 July -45 -6.1 
 
July -32 -4.4 
 August -46 -6.2 
 
August -34 -4.5 
 September -62 -9 
 
September -50 -7.4 
 October -65 -9.6 
 
October -51 -7.9 
 November -81 -11.5 
 
November -65 -9.3 
 December -97 -13.8 
 
December -80 -11.5 
 
       
 Seasonal Average 
 
Seasonal Average 
 Fall -69 -10.0 
 
Fall -55 -8.2 
 Winter -100 -14.0 
 
Winter -81 -11.5 
 Spring -61 -8.7 
 
Spring -46 -6.6 
 Summer -49 -6.6 
 
Summer -36 -4.9 
  
Annual Average  
Annual Average 
 
 
-61 -8.5 
  
-50 -7.1 
  
 
 
